-'I -s The electrical properties were investigated for ruthenium oxide based devitrifiable resistors embedded within low temperature co-fh-ed ceramics. Special attention was given to the processing conditions and their affects on resistance and temperature coefficient of resistance (TCR). Results indicate that the conductance for these buried resistors is limited by tunneling of charge carriers through the thin glass layer between ruthenium oxide particles. A modified version of the tunneling barrier model is proposed to more accurately account for the microstructure ripening observed during thermal processing. The model parameters determined from curve fitting show that charging energy (i.e., the energy required for a charge carrier to tunnel through the glass barrier) is strongly dependent on particle size and particle-particle separation between ruthenium oxide grains. Initial coarsening of ruthenium oxide grains was found to reduce the charging energy and lower the resistance. However, when extended ripening occurs, the increase in particle-particle separation increases the charging energy, reduces the tunneling probability and gives rise to a higher resistance. The trade-off between these two effects results an optimum microstructure with a minimum resistance and TCR.
INTRODUCTION (I) Buried Resistor
The oxide-based thick film resistors are ceramic-glass composites that are used . extensively in hybrid micr~circuits. The small temperature coefilcient of resistance (TCR) of thick film resistors is attractive for systems that encounter a wide range of service temperatures or for use in a high power dissipation environment, such as automotive electronics and high-density electronic packages. With recent trends in component miniaturization, many passive components such as resistors, capacitors and inductors are being integrated into multi-layer structures. In this paper, we report the effects of processing conditions"on the electrical properties of buried resistors. Special attention has been placed on microsturctural development and the associated changes in resistance and temperature coefficient of resistance (TCR) of these buried resistor components.
The resistor ink used in this investigation is an experimental ink from DuPont (E84005-140). This particular resistor ink has been specifically designed for fabrication of buried components using DuPont low temperature co-firable ceramic (LTCC) tapes (DuPont A95 1). The glass materials in the resistor and LTCC tape are adjusted to minimize the differential shrinkage during firing to prevent distortion of the fired parts.
At high temperature the specially formulated, highly viscous glass, rapidly devitrifies from glass to ceramic (above 820 'C). The devitrification process serves to prevent glass infiltration from the dielectric layers and obviate any extended chemical reactions between resistors and dielectric tape. The devitrification process in the co-fired resistor ink is unique; in most conventional post-fire inks the glass remains in a glassy state after melting. In previous studiesl-2, significant devitrification of the glass phase has been observed for both the experimental resistor ink and LTCC tape. Detailed chemical reaction and microstructure development of buried resistors prepared between 835 and 875 "C for various holding times have been reported elsewhere. 2 The thick film resistors are typically prepared by screen-printing of a suitable resistor paste onto a dielectric substrate. The resistor paste consists of a fume-grained (<10 nm) conductive oxide powder mixed with larger (= lpm), nonconductive glass particles and an organic medium that provides proper rheology for printing. The # I resistance of these resistors can be adjusted by the volume fraction of conductive oxide in the paste. 34 The microstructure of printed resistors can be described as a random array of glass particles with conductive oxide residing in the interstices between the glass particles. The printed circuit pattern then undergoes a drying and a firing processes where the organic material is gradually burned out and, at a sufficiently high temperature, the glass melts and wets the oxide particles, thereby forming thin barrier layers between the conductive grains. Under a weak field, charge carriers will tunnel through these glass barriers4 to provide a conducting path through the three-dimensional network of conductive particle chains. As a result, the electrical properties of these resistors are often strongly dependent on the final inicrostructure, which is in turn, correlated to the processing conditions. Therefore, precision control of the thermal process is essential to assure reproducibility as well as achieve high precision and tolerance of fabricated circuits. This is especially true for circuits fabricated with buried resistors where additional trimming of these components after firing is not a viable option.
(II)
Tunneling Barrier Model
A tunneling-barrier model proposed by Pike and Seager4 has successfully described the electrical conduction mechanisms in thick film resistors. According to the model, the temperature dependence of resistance R(~of a thick film resistor under a low electrical field is determined by summing the resistance of the conductive particles and the resistance of the glass barrier separating the conducting particles. This can be expressed by the following equation:
where T is the absolute temperature, a is related to the tunneling probability, E is the electrostatic charging energy, k is Boltzmann's constant, RbOis a lump term accounting for two different contributions to the overall tunneling mechanism, and Rm is the metallic-phase resistance if the temperature were extrapolated to absolute zero.
The sin(aT)/aT term describes the weak temperature dependence of tunneling through insulating films, and a is the first coefficient of a Taylor expansion of the natural logarithm of the tunneling probability and can be estimated by the insulator barrier Based on this model, the overall temperature effects give a rather flat R(T) curve with a shallow minimum, as shown in the example of Fig. 1 .6 This result is obtained from the electrical measurement of a traditional post-fired resistor (DuPont 1731). At temperatures below the resistance minimum temperature (TJ, the overall conductance is limited by the number of charge carriers that can tunnel through the glass barriers. As the temperature increases, the overall contribution from the tunneling effect gives a negative slope for R(7) because the number of charge carriers readily available for tunneling increases with temperature, according to Fermi-Dirac statistics. As temperature further increases, the limiting conduction mechanism in the resistor is progressively changing from a tunneling mechanism to that of a thermal scattering of charge carriers within the conductive oxide particles. Hence, the resistance can no longer continue to decrease, 'resulting in a resistance minimum on the R(T) curve. Above T~, the overall conductance is limited by the thermal scattering of charge carriers and exhibits a positive, essentially linear, increase with temperature that is characteristic of metallic conduction.
Because each term in Eq. (1) represents a different physical factor contributing to the overall changes in resistance, analyzing the changes of these factors with respect to processing conditions can provide insights about the influence of process parameters on final properties and can also serve as a guideline for process control. In this investigation, the objective is to provide a physical interpretation of the changes in electrical properties with respect to the processing conditions. These interpretations are based on the model parameters determined from the curve fitting of R(T) measurements and the correlation of these measurements to the processing conditions and observed microstructure for these thick film resistors. In this study, we have slightly modified the original tunneling barrier mode14to more accurately account for the changes in tunneling 
EXPERIMENTAL PROCEDURE
It is well known to the thick film hybrid microcircuit industry that precision control of print thickness and firing temperature are the key factors in assuring the reproducibility of resistors in a microcircuit. Since the objective of this investigation is to understand the changes in electrical properties with respect to different processing conditions, special attention was paid to minimize these variations so that contributions from these factors could be excluded.
Because a traditional screen-printing process produces a thinner layer at the center of a pattern than at the edges, a direct-write Micropen system was used to deposit the resistor pattern onto the low temperature co-fired green tape (DuPont A95 1). The After lamination, the samples were fired in a box furnace. To assure the temperature uniformity, samples were placed in the middle of a rectangular quartz tube with two thermocouples placed on each side. Data obtained from a chart recorder indicated that the temperature difference between these thermocouples was less than 2 'C at the peak firing temperature. Samples were fired with a heating rate of 5 OC/minwith a two hour soak at 450 'C to bum out the organic in the green structure. The peak firing temperatures were set at 825, 835, 850, and 875 'C for various holding times. After firing, samples were furnace cooled to room temperature.
The resistance values at room temperature were determined by a four-point measurement from a digital multimeter (HP 3457A). Data were reported as the average value of 20 resistors. The sheet resistance was determined by the resistance value divided by the number of squares in the resistor pattern (correcting for the ratio 1.2 for each square). R(T) curves were obtained by placing samples in a temperature controlled chamber equipped with an automatic data acquisition setup. Resistance values were collected from -100 "C to 100 'C at a heating rate of 3 'Chin. The slope of resistance versus temperature was used to determine the TCR (without normalization).
The crystallite size of ruthenium oxide under different processing conditions was estimated from X-ray diffraction data based on the full-width-at-half-maximum (FWHM) of the RU02 (110) peak. The crystallite size estimates determined by X-ray diffraction were qualitatively consistent with transmission electron microscopy (TEM) observation.
Details of these measurements and observations have been reported in the previous During the sintering process, the glass in the resistor underwent a tremendous change. Glass particles first melted and wet the RU02 particles, then the large glass particles devitrified, and after a long sintering time a significant Ostwald ripening of RU02 grains occurred. X-ray data indicated that during these thermal events, the nanosize ruthenium oxide particles gradually increased their crystalline size from an average size from 300~to 520~. Fig. 3 shows the crystallite size changes with processing time for a sample processed at 875 'C. Data showed that the particles grew at a relative fast rate at the beginning of the process then slowly leveled off after 3 hours. Presumably all the extremely fine RU02 crystallite initially in the paste have been completely consumed during the early stages of the ripening process. This postulate is supported by the direct Transmission Electron Microscopy (TEM) observation of our buried resistors.2 The minimum particle size showed a dramatic increase when the processing temperature and time was increased from 835 'C for 10 minutes to 875 'C for 60 or 720 minutes. Similar observations were reported for a post-fired ruthenate-based resistor, where the finest particles seem to disappear in a much faster rate within a short period of time (10 minutes at 850"C).8 These observations suggest that as the sintering time gets longer, larger grains continue to grow at the expense of smaller particles. This is a classic example of Ostwald ripening.g Since the total amount of ruthenium oxide in the resistor is predetermined by the ink formulation, ripening will lead to an increase in the particleparticle separation between conductive oxide particles. This is especially true when . extended ripening occurs (exaggerated grain growth). In spite of the involvement of a devitrication process, ruthenium oxide particles in buried resistors were observed in the residual glass phase between a random array of large devitrified glass particles.2
Therefore, the overall picture of charge carriers tunneling through thin glass barriers along the three-dimensional network of conductive particle chains remains unchanged.
(2) Modification of the Tunneling Barrier Model
From the previous section, we found that ripening brings two major changes to the resistor microstructure, namely the coarsening of ruthenium oxide particles and the increase in particle-particle separation. The original model discusses some particle size effects on the resistance of thick film resistors.4 However, the effect of changing the particle-particle separation in the resistor was not included, presumably due to the scope of their work. It is well know that the tunneling probability falls off exponentially with barrier thickness. Barrier layers thicker than a few tens of angstroms are nearly impenetrable to tunneling electrons under low field. Although this physical picture properly describes the drop of the tunneling probability, the actual estimation of the particle-particle separation that can statistically represent a complex three dimensional particle chain structure is a formidable task. Since the electrical properties are sensitive to slight changes in particle-particle separation, in this work we have added an additional factor, D(E, s), into the lump term R&O to acount for the tunneling probability of a charge carrier with charging energy E as a function of particle-particle separations. Finally, we combine RbJD(E, s) into a new term, Rho'. Therefore, the original expression can be written as
2D,E,s)(%~l+exp(:)]+Rmo(l+bT',
.
". R(T) = ;Rbo ' (~~l+exp(:)]+Rmo(l+~T). (2)
Now, &o' represents the electrical property changes associated with particle-particle separation. For example, when the value of RbO' becomes greater, it suggests that the tunneling probability in the resistors might have decreased due to the increase in the particle-particle separation. Although we present no quantitative measurement of D(E, s) and the general appearance of the original equation has not changed, the modified form provides a qualitative interpretation about how processing conditions affect the microstructure, and in turn, electrical properties of the resistors.
Because the charging energy E is typically small (on the order of 1000peV), the exp(E/kT) term can be approximated by (1+ E/kT). In addition, the values of a for our ..
problem are also expected to be -(5-10) X 104 K-l; therefore, the product aT is <<1.1O'11
With these assumptions and modifications, the approximate R(T) from Eq. (2) can be expressed as
Preliminary curve fitting (based on Eq. (3)) confirmed that values for a are relatively small, ranging from (1.63 -1.98) X 104 K-l; therefore, the overall weak temperature dependence of the tunneling effect described by the (1-a2~/6) term is close to unity.
Consequently, Eq (3) can be further simplified as ()
where b can be assumed to be a constant value of 520 ppm/°C, based on conclusions from the original model. 4 In this study, all the final data analyses of R(T) in these cases were performed using Eq (4). This simplification made in Eq (3) and Eq. (4) reduces the relative dependence of multi-parameters in the curve fitting routine and highlights the important factors that can be correlated to microstructure changes. Based on the experimental data and physical meanings of these terms involved, two initial constraints ( were placed for the curve fitting routine. First, R is greater than the resistance value at room temperature and second, the charging energy is greater than zero. The results of these model parameters determined by the curve fitting have been tabulated in Table 1 .
Based on the correlation factor, r2(see Table 1 ), the quality of the curve fitting for samples measured in this investigation is excellent.
Eq. (4) shows that R(T) also depends on the magnitude of the charging energy E.
In fact, the microstructure change associated with the ripening process has a profound effect on charging energy. By treating the tunneling phenomenon as the movement of charge carriers between two electrodes strictly due to electrostatic effects, the effective capacitance C between particles will scale with the particle size. Smaller particles with finite electrode size possess smaller effective capacitance between particles. As a result, the energy required to transfer a charge from one particle to the other will be greater (E= Q2/2C). Previous work4112 has indicated that the charging energy should exhibit an inverse proportional relationship with the particle size. By the same token, as the particle-particle separation between conducting particles increases the effective capacitance C decreases and results in a greater E. Since the second term in Eq. (4) is derived from the Fermi function, the increase in charging energy implies a decrease in the total number of charge carriers that are readily available for tunneling. As a result, resistors with a higher charging energy will have a greater resistance. These microstructure effects on E and"RbO' will be discussed in more detail together with resistance and TCR results.
(3) The Electrical Resistance Figure 4 shows the effect of firing temperature and processing time (t) on the sheet resistance of buried resistors in the low temperature co-fired ceramic. In general, over this time range the sheet resistance decreases as the sintering time increases. In addition, the peak sintering temperature exhibits a more prominent effect; the sheet resistance drops almost 40% from 825°C to 875 'C. This effect is shown in Figure 5 where samples were sintered for 40 minutes at their respective peak temperatures. These results suggest that when processing samples at higher temperatures, precise control of the process time is an important parameter for reproducibility.
When samples were held at 875 'C for longer than an hour the resistance values reached a minimum value and started to increase again (see Figure 6 ). Data also indicate that the time required to reach the resistance minimum is strongly dependent on the peak firing temperature. For example, it took an additional 60 minutes to reach the minimum sheet resistance for samples prepared at 850 'C in comparison with samples prepared at 875 'C ( Figure 6 ). These results suggest that a kinetic factor dependent on the processing temperature is involved in the changes in the electrical properties. The kinetic factor could be due to chemical reactions or microstructural changes in the resistor during processing. In spite of three different crystalline phases developed from the glass, both X-ray and TEM results show that RU02 is stable in the buried resistors. behavior, it has been reported that the transport properties of RUOZbased resistors in the vitreous glass systems appear to be rather independent of the gross composition of the glass.3'4 Furthermore, the electrical properties of the resistors buried in LTCC packages compared to those printed on alumina substrates show no significant difference (see Fig.   2 ). This suggests that the kinetics involving possible chemical reactions between the dielectric layer and resistor do not play an important role in determining the final electrical properties.. Therefore, in this investigation we focus on the kinetic issues related to the microstructure development in the resistor under different processing conditions. Special attention is paid to samples prepared at 875 'C where all the kinetics are faster.
For the convenience of discussion, a schematic of rnicrostructural development during the ripening process is illustrated in Fig. 8 , based on our TEM observations.2 In this figure, the small gray circles represent the extremely fine oxide particles that are present in the initial resistor ink, the medium size open circles represent medium size conducting particles, and the large solid circles are for the large RU02 particles in the resistor. During the initial ripening process, some extremely fine particles are rapidly consumed and additional medium size particles are created. This is represented by a progressive change in microstructure from the initial~ntering process (a) to the lowest resistance point (b) where the medium size particle is dominant in the microstructure. As ripening continues, the finest particles will completely disappear and some medium particles are consumed. Eventually, exaggerated grain crystal growth occurs (as illustrated by one largest solid circle in Fig. 8(c) ) and the particle-particle separation increases, Samples prepared at 850 'C and 875 "C show initial decrease and later increase in resistance suggesting that there might be two different mechanisms that control the conduction behavior before and after the resistance reaches its minimum point. From Eq.
(4), it is found that R(T) relies on both RbO'and E which are both dependent on the microstructure in the resistor. &O' depends on particle-particle separation and E depends on particle size. Results from Table 1 show that both Rho' and E first decrease then increase as processing time increases. Since the charging energy is inversely proportional to the crystalline size, the initial decrease in E (t <60 min.) can be readily explained in terms of coarsening of ruthenium oxide particles as observed in Fig. 3 .
However, when extended ripening occurs and particle-particle separations increases (see the changes between Fig. 8(b) and Fig. 8(c) ), the effective capacitance between particles decreases. As a result, the charging energy rises again (t >60 min.).
The drop in RbO'as a function of processing time during the initial stage (t <60 min.) is a more complex issue. As discussed earlier, fine particles have a smaller crosssectional area for tunneling*3 and a-high charging energy which reduces the number of charge carriers capable of tunneling. Smaller particles, therefore, are relatively "inactive"
and will not contribute much to the overall electrical conduction. Under a weak field, the charge carriers traveling through the resistor tend to utilize the low-charging energy, low resistance chain segments in the three-dimensional conductive paths. As a result, the overall conductance is determined by the tunneling between those relatively large particles. Such an effect is more important at the beginning of the sintering process when there are more extremely-fine conductive particles in the resistor. Therefore, within this period (t< 60 min.) a longer processing time not only increases the average crystalline size but more importantly aids in the building of more effective conducting paths. The later process, in fact, reduces the effective particle-particle separation (as illustrated in Fig 8(b) where more conducting paths are available along the medium size circles) and results in the decrease in RbO'.As processing time extends beyond the period (t >60 min.), more and more particles disappear and the increase in particle-particle separation (see Fig. 8(c) ) reduces the tunneling probability D(l?,s), and RbO'starts to rise again.
Because the charging energy decreases with particle size and increases with particle-particle separation, the fact that the charging energy reduces to a minimum at 60 minutes suggests that an optimum microstructure in the resistor ink has developed. At this point, the ripening process has provided more "active" conducting particles for the conduction while the tunneling probability has not yet been deteriorated by the increase in particle-particle separation. As a result, both resistance and RbO'reach their minimum value.
Since ripening of the conductive ruthenium oxide particles is determined by the kinetics of mass transport in the glass matrix, both processing temperature and firing time will have a strong effect on the final microstructure. In general, the kinetics of mass transport is exponentially proportional to the processing temperature. Therefore, when samples are fired at higher temperature, the time for the resistance value to reach a minimum becomes shorter as shown by the experimental results in Fig. 6 . 
Typical changes in TCR for sttidard thick film resistors are within 100 ppm/°C.8
Because of the characteristics of the R(T) curve, the TCR has been further divided into hot and cold TCR values corresponding to the positive and negative slope sections of R(T) curve. Since the scope of this investigation is to understand the physical issues underlying the property changes, the reported TCR values in this paper were not normalized by the reference resistance value R(T1).
The change of resistance as a function of temperature for buried resistors processed at 875 "C for different times is given in Figure 8 . The TCR (not normalized, ohm/°C) for these resistors was determined by a least square method. It was found that when these values were normalized with respect to a resistance value at O "C ( Eq. (5)) the normalized TCR values range from 114to312 pprn/°C, which are greater than the traditional post-fired resistors (<100 ppm/°C).G Results also show that the TCR of these buried resistors are all negative, indicating that the conductance of the metal oxide component from Eq. (4) is insignificant within the temperature range we have studied (-100°C to 100"C), as demonstrated from the relatively small values of Rm.in Table 1 (in the order of 10-8to 10-9ohms). Therefore, the limiting conduction mechanism in these buried resistors is determined by the tunneling barrier of the glass phase between oxide particles. Similar behaviors were observed from samples fired at 835 and 850 'C for forty minutes, and the values of TCR for these samples are summarized in value reaches a minimum at 60 minutes then increases again as processing time increases (see Table 1 ).
From the first derivative of Eq. (4), it can be shown that TCR of these resistors is linearly dependent on the charging energy. This effect is'directly illustrated in Fig. (9) , where charging energy is plotted against TCR. Although these samples were prepared under different conditions, the results show a good correlation between TCR and charging energy. Since charging energy varies with the ripening of ruthenium oxide particles in the resistor, from a processing perspective both charging energy and TCR should follow the same trend as the resistance when processing time elapses. The tradeoff between particle growth and particle-particle separation should lead a minimum for E and TCR. As a result, both E and TCR reach their minimum value at 60 minutes. The time that both resistance and TCR reach their minimum point, therefore, is not a coincidence.
The physical connection between charging energy and TCR can be explained in terms of changes in there-distribution of the carrier population by temperature. Using the Fermi functions, the relative changes in the temperature dependence of probability for a charge carrier occupying a higher charge state are greater than that of one at a lower The microstructure developed at the resistance minimum, therefore, represents an optimum microstructure. Resistors processed at this optimum condition are highly desirable since the variation of resistance is less sensitive to the processing time and TCR achieves a minimum value. This combination leads to a robust process that will provide resistors with high tolerance and excellent temperature performance.
The conduction mechanism for buried resistors in this study is predominantly determined by tunneling between ruthenium oxide particles. The electrical properties of the resistor do not appear to be strongly affected by the changes in bulk composition of the glass or by the complicated devitrification process that occurs during sintering.
Results suggest that the electrical properties, processing, and resulting microstructure are closely related. The original tunneling barrier model was slightly modified to more accurately account for the changes in microstructure as ripening of the conductive oxide occurs. Model parameters determined from curve fitting indicated that an optimum microstructure exists where the charging energy reaches a minimum and the tunneling probability is at a maximum. When this optimum microstructure is approached, the resistance value will be less sensitive to the variations in the processing time and the TCR will achieve a minimum absolute value. These results provide a physical interpretation to the effect of processing conditions on the electrical properties and give a guideline for processing buried resistors to achieve high tolerance and excellent temperature performance.
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